Introduction
Many studies have shown that microstructural changes in austenite usually take place during hot deformation and those deformed structures can affect the transformation kinetics to ferrite and the final microstructure.
1) The change of dislocation density during deformation is one of the most important microstructural changes. However, a direct evaluation of the dislocation density of the hot deformed austenite is difficult because austenite in low carbon steels transforms to ferrite or to martensite during subsequent cooling to room temperature. Even though, a direct measurement of the dislocation density in the austenite may be possible with TEM in highly alloyed steels, where austenite is stable even at room temperature, the observation is generally restricted to a small area. One of the prospective methods to evaluate the dislocation density in materials is by using the flow stress and mathematical formulae that can link the flow stress to dislocation density in materials. Yoshie et al. 2) and Senuma et al. 3) reported that the flow curves of austenite could be described by mathematical formulae taking into account the dislocation density. Present authors think their works offer a useful tools for evaluating the dislocation density in hot deformed materials. However, systematical investigations to assess the dislocation density in hot deformed materials from the measured flow curves have not been available. Furthermore, the plausibility of the evaluated parameters in mathematical formulae has not been fully discussed yet. An attempt to propose a procedure for evaluating the dislocation density using flow curves of material, which shows a dynamic recovery behavior during hot deformation, is made in this study.
Modeling
When dynamic recovery occurs during the hot deformation, the increase of dislocation density due to the multiplication of dislocation and the decrease of dislocation density due to the annihilation of dislocation pairs and the absorption of dislocations into the sub-boundary occur simultaneously. The dynamical equilibrium is reached after a certain critical strain. The dislocation density can remain almost constant during such a steady state deformation. These microstructural evolutions that occur during the dynamic recovery are responsible for the shape of typical flow curves, which exhibit plateaus during the deformation. The change of dislocation density in material that proceeds dynamic recovery can be expressed by following equation. The first term in the right hand side of Eq. (1) represents the change of dislocation density due to deformation. The dislocation density is usually assumed to increase linearly with the deformation strain as follows. The second term in the right hand side of Eq. (1) represents the change of dislocation density due to the recovery process. The rate of the decrease of dislocation density in the recovery process is reported to be proportional to r 2 when the decrease of dislocation density comes from the annihilation of dislocations pairs, while it is proportional to r when the decrease of dislocation density comes from the absorption of dislocations into the sub-boundary. 4) In this study, the rate of the decrease of dislocation density is assumed to be proportional to r as Yoshie et al. 2) and Senuma et al. 3) reported. where, r 0 is the dislocation density in the annealed state. Dynamic recovery is a thermally activated process, so the coefficient B can be expressed as follows. (4) where Q B represents the activation energy for the dynamic recovery, and B o represents the temperature independent coefficient, which is dependent on the chemical composition and the strain rate.
2) According to Eqs. (2), (3) and (4), the following expression can be derived for a steady state deformation condition during the dynamic recovery where drϭ0. (5) A relationship between the flow stress and the dislocation density is needed to combine the parameters C, B 0 and Q B of Eq. (5) with a measurable property such as the flow stress, so the following relationship, which is applicable to a variety of materials, 5) is incorporated.
Here a is the constant parameter, G is the shear modulus and b is the Burgers vector. From Eqs. (5) and (6), the following relation, which holds for the steady state deformation during the dynamic recovery, can be derived. where e˙is the strain rate and s m represents the flow stress during the steady state deformation. The term (a 2 · C)/B 0 and Q B can be evaluated with regression by substituting the measured s m at various deformation temperatures. A further evaluation of the parameter C and B 0 provides the value of a which enables us to evaluate the dislocation density in the deformed material. The following equation derived by Yoshie et al. 2) can be used to evaluate parameter B 0 in Eq. (7) 4) by regression. The parameter C in Eq. (7) is assessed as follows in this study. Assuming that the restoring process becomes negligible near 0 K, the following relation is thought to be valid near 0 K.
where, n is the average work hardening rate at 0 K. Unfortunately, as far as present authors are aware, the work hardening rate of the austenite at 0 K is not available yet. Inevitably, the parameter C assessed for Al, which has the same crystal structure of FCC as austenite, is incorporated in this study. Even though it is expected that the generation of dislocation becomes dependant on the slip system if any restoration processes do not proceed during deformation, the stacking fault energy of Al different from that of austenite, which also have influence on work hardening behavior, will cause an intrinsic error for evaluating the dislocation density. The assessment of data for materials, which show mechanical behaviors similar to austenite, is thought to contribute for more accurate evaluation, however, it is not available at present time. For Al, a is reported to be 0. 7, 6) and the work hardening rate and the shear modulus extrapolated to 0 K are reported to be 85 MPa 7) and 28 GPa, 8) respectively.
Experimental Results
A low carbon steel (0.15C-1.4Mn--0.25Si) containing 60ppm of boron was prepared for the experiment. Flow curves of the austenite were measured with the uni-axial compression test for cylindrical specimen. The specimens were heated to 1 200°C at a heating rate of 5°C/s and held for 3 min, then cooled to a test temperature at a cooling rate of 2°C/s. Figure 1 shows the measured flow curves of the specimen compressed with strain rate of 10/s at each deformation temperature. The flow curves exhibit a plateau after a critical strain, which is a typical characteristic of dynamic recovery. 5) Flow curves are measured three times at each deformation temperature, and the deviation of the saturated flow stress is less than 5 MPa at any deformation temperature. Figure 2 shows a microstructure of the specimen deformed at 700°C with a reduction of 68 %. Even though a small amount of ferrite can be seen, the marteniste structure indicates that the most of the austenite remained during the thermo-mechanical treatment due to the addition of boron. This result shows that the effect of ferrite transformation on the flow curve is negligible despite lowering the deformation temperature to 700°C.
Discussion
The parameters C, B 0 and Q B that are evaluated from the flow curves of the austenite in Fig. 1 
Fig. 2.
Optical micrographs of specimen deformed with 68 % reduction ratio at 700°C followed by He gas quenching. austenite are assumed to be 80 GPa and 2.6 Å respectively. Figure 3 shows the calculated value of a and the dislocation density in hot deformed austenite. The dislocation density of the hot deformed austenite during the steady state deformation at 700-1 000°C temperature range is evaluated to be 3.6ϫ10 13 /m 2 -7.9ϫ10 12 /m 2 , and the deviation ranges of the evaluated dislocation density are about 60 % from the average value. Considering that the deviation of the measured flow stresses at each deformation temperature is not so serious, deviation of 60 % for evaluated dislocation density seems to be quite large. Actually, whereas the measured flow stress reflects the complicated physical phenomena including the interaction between dislocations, grain boundaries and other microstructural factors, the mathematical formulae can't fully describe such a complicated condition. It is thought that the discrepancy between the measured flow stress reflects the complicated condition and the simplified mathematical formulae causes the deviation of the parameters in formulae and so the evaluated dislocation density. However, taking into account that the reported value of the dislocation density measured by TEM usually includes about 50 % of the deviation range from the average value, 9) and that the preparation of thin foil itself includes about 30 % of the intrinsic error for evaluating the dislocation density, 10) the results of present study are considered to be in an acceptable deviation range.
Since there is limited experimental data on the dislocation density in the hot deformed austenite, the validity of the dislocation density evaluated in the present study should be discussed by considering the plausibility of the evaluated parameters, such as a, Q B and C. The value of a in the present study is 2.42. It is still in the same order of magnitude of other reported values whose range is between 0.2 and 2.6 for various FCC materials.
6) Q B in Eq. (4) represents the activation energy for recovery. For the static recovery process, Q B corresponds to the activation energy for self-diffusion of the Fe atom in iron. The value of the activation energy for self-diffusion could be either the activation energy for the lattice diffusion or that of the dislocation core diffusion depending on the diffusion path. The activation energies for the lattice diffusion and the dislocation core diffusion in the austenite are reported to be 270 kJ/mol and 159 kJ/mol, respectively.
5) The activation energy for the dynamic recovery, Q B , is evaluated to be 52.3 kJ/mol in this study, which is about one third of the activation energy for the static recovery through the core diffusion. This lower activation energy compared with that for the static recovery is thought to be related to the characteristics of the dynamic process as mentioned by Wong et al. 11) They reported that dynamic recovery was accelerated much more rapidly compared to the static recovery. They mentioned that the deformation and the external stress could promote the cross-slip and climb of dislocation, therefore enhancing the dislocation annihilation during the dynamic recovery. Moreover, Thornton et al. 12) reported that when 25 MPa of stress was applied to Al, the recovery rate became 3.7 times faster compared to that of the stress free state. Their results imply that deformation and external stress during the dynamic recovery process can lower the activation energy for recovery and are consistent with the result of the present study. Only a few experimental data of other materials are available for the assessment of parameter C in Eq. (2). Johnston et al. 13) and Patel et al. 14) reported that (dr/de) of LiF and Ge was about 10 13 /m 2 and 2.0ϫ10 12 /m 2 , respectively. Considering that Patel et al.'s data on Ge was measured at 600°C, a temperature where the restoring process could not be ignored, the present assessment of 2.4ϫ10 14 /m 2 for C, is thought to be comparable with their results. Even though it is true that the assessment of the parameter C, which is based on the data of Al, has an intrinsic error for the evaluating the dislocation density in the hot deformed austenite, the parameters obtained in this study could be considered as reasonable values, and all these results support the validity of the proposed procedure.
Summary
A procedure to evaluate the dislocation density in hot deformed materials, which shows dynamic recovery during the deformation, is proposed. The dislocation density of the hot deformed austenite at the temperature range of 700-1 000°C is evaluated to be 3.6ϫ10 13 /m 2 -7.9ϫ10 12 /m 2 . The validity of the proposed procedure is discussed considering the plausibility of the parameters assessed for evaluating the dislocation density.
